As an emerging hole-machining methodology, helical milling process has become increasingly popular in aeromaterials manufacturing research, especially in areas of aircraft structural parts, dies, and molds manufacturing. Helical milling process is highly demanding due to its complex tool geometry and the progressive material failure on the workpiece. This paper outlines the development of a 3D finite element model for helical milling hole of titanium alloy Ti-6Al-4V using commercial FE code ABAQUS/Explicit. The proposed model simulates the helical milling hole process by taking into account the damage initiation and evolution in the workpiece material. A contact model at the interface between end-mill bit and workpiece has been established and the process parameters specified. Furthermore, a simulation procedure is proposed to simulate different cutting processes with the same failure parameters. With this finite element model, a series of FEAs for machined titanium alloy have been carried out and results compared with laboratory experimental data. The effects of machining parameters on helical milling have been elucidated and the capability and advantage of FE simulation on helical milling process have been well presented.
Introduction
Titanium alloys are used extensively in aerospace for the combined high special strength (strength-to-weight ratio), fracture-resistant characteristics, and exceptional resistance to corrosion. However, titanium alloys are usually considered as extremely difficult to cut material because of their low thermal conductivity and high chemical reactivity with cutting tool materials [1] . During an aircraft assembly process, hundreds of boreholes need to be produced through riveting or bolting. Poor quality boreholes and serious tool wear are common problems in traditional drilling processes as a result of poor heat dissipation and large thrust force experienced by the material [2] [3] [4] [5] . Being one of the new hole-machining methodologies, helical milling (orbital drilling) can achieve smooth cutting process, small thrust force, and high accuracy simultaneously.
A number of recent research efforts have been directed towards the helical milling technique. Ni [6] presented a helical milling technique deploying special devices and tools, and the machining dynamics and cutter performance have been studied for helical milling of aerospace aluminum alloy, titanium alloy, and carbon fiber-reinforced plastic (CFRP) materials. Iyer et al. [7] carried out a comparative study of traditional drilling techniques and technologies in the helical milling cutting forces and hole quality in AISI D2 tool steel.
Brinksmeier et al. [8] [9] investigated the influence of the axial and tangential feed on cutting forces and borehole quality during the helical milling of stack materials consisting of CFRP and titanium alloy. Liu et al. [10] presented a 3D heat transfer model to describe the temperature distribution with the time variation in solid with conduction-convection boundary during the helical milling process, and the effects of different cutting parameters on the temperature rise were detailly investigated with this model. Sadek et al. [11] studied the effects of the helical milling process parameters on the hole quality, and the results showed significant enhancement in the hole quality compared to conventional drilling, due to the reduced axial force and cutting temperature, resulting from the redistribution of the load exerted by cutting edges.
The machining principle of helical milling is to use a special end-mill, and deploys the similar continuous process as in general end milling, but with tool center path being a spiral instead of a straight line. The process not only contains a radial feed but also an axial feed and can be used to machine bevel, groove and borehole.
Helical milling is to certain extent similar to circular milling. In general, circular milling is performed in the XOY plane with a constant axial depth of cut, followed by axial plunging at a fixed increment and subsequent circular milling operations. While in the helical milling process, the milling tool gradually moves in the axial direction with a helical motion as it traverses around a circle in milled cylinder holes. The helical milling principle is shown in Fig. 1 .
[Insert Figure 1 here] Recently, high volume of research on helical milling has been published for both experimental study and cutting kinematics [12] [13] . Li et al. [14] established a three-dimensions (3D) surface topography simulation model base on an improved Z-map model to simulate the surface finish profile generated after a helical milling operation. A novel dynamic cutting force model is also proposed for helical milling process on the basis of a quantitative description of cutting zones corresponding to helical milling operation, in which the cutting mechanism and the cutting force contribution on both the peripheral and the front cutting edges are taken into consideration simultaneously [15] . Liu et al. [16] proposed an cutting force model to predict the cutting force and torque in a helical milling operation as a function of spindle speed, helical feed, radial and axial cutting depth and cutter geometry. However, very few finite element analysis studies have been reported for the prediction of cutting force and torque. Jin et al. [17] predicted the micro-milling forces with an FE model of orthogonal micro-cutting of brass. Zhang et al. [18] simulated the 2D orthogonal cutting operation for Ti-6Al-4V alloy with software ABAQUS, and presented a multi-physic comprehension related to chip formation, cutting forces, temperature evolutions, and surface integrity. Calamaz et al. [19] implemented a new material constitutive law to analyze the chip formation and shear localisation when orthogonal machining titanium alloys.
Chip morphology, cutting and feed forces are all well predicted by the 2D finite element model. Shams et al. [20] improved the orthogonal cutting simulation with the established nonlocal damage model, and the Johnson-Cook damage criterion is used to compare local and nonlocal model results.
Some investigators began to build a 3D FEM to investigate the cutting process. Li et al. [21] presented the finite element modeling of 3D turning of titanium with Third Wave AdvantEdge machining simulation software, and the measured cutting forces and chip thickness are compared to the finite element modeling results with good agreement. Wu et al. [22] proposed a simplified and idealized FE model to simulate the drilling process and predict drilling forces of titanium alloy Ti-6Al-4V. Latterly, the more real 3D finite element model (FEM) for the milling process of Ti-6Al-4V alloy was developed with the Johnson-Cook material constitutive equation, considering the effects of strain, strain rate, and temperature on material properties. The experimental results confirmed the capability and advantage of 3D FEM simulation in the complex milling process of titanium [23] .
However, the helical milling hole process is more complex than the traditional drill or milling process. In this work, the helical milling hole process of Ti-6Al-4V alloy is firstly investigated using 3D finite element analysis.
The model aims to predict induced cutting forces, chip form, stress distribution in the workpiece throughout the helical milling hole process based on real milling geometry and process parameters.
Finite element model
In this study a finite element model based on Lagrangian formulation is developed to simulate the helical milling process. A 3D model of drilling process is developed using a commercial finite element software ABAQUS/Explicit. Due to the dynamic nature of the process, dynamic explicit finite element integration has been proposed for this study. The FE analysis is time dependent due to the strain rate effect and process parameters. Details of the FE model are discussed as follows.
Materials: workpiece and tools
The workpiece used was a Ti-6Al-4V plate (40 mm × 40 mm × 5 mm) used in this work was supplied by BAOJI TITANIUM INDUSTRY CO., LTD in china. The main physical, mechanical and thermal properties are shown in Table 1 .
[Insert Table 1 here] Where ρ is density, υ is Possion's ratio, E is young modulus, σy is yield strength, σu is tensile strength, Cp is specific heat capacity, K is conductivity.
The helical milling tests have been performed using 6 mm diameter TiAlN coated tungsten carbide end-mills with a 35° helix angle and a 5° rake angle. These are specially designed for producing boreholes in helical milling processes.
Geometry, Mesh and Elements
Accurate tool geometry model is important for precise prediction of cutting force in helical milling. For this purpose, a complex 3D end-mill cutter is modeled using CATIA software and imported into the software ABAQUS for simulation of helical milling hole process of Ti-6Al-4V alloy. The initial mesh and assembly are shown in Fig. 1 , the helical milling cutter is modeled as a rigid body because the rigidity of cutter is far larger than the rigidity of workpiece, and its mass and inertia are also considered to describe the equivalent kinematics of the process.
Optimizing the mesh used in this simulation is not trivial and has been one of the subjects in our research.
Considering the very complicated geometry and the need for extremely high computing resources, a balance between the high accuracy results and reasonable element size needs to be achieved. The mesh presented here in Fig. 2 is the mesh optimized through a comprehensive mesh and conversion study. The detailed mesh study will not be discussed here as it is not the main objective of this study. To capture the large stress gradients accurately, the mesh in the helical milling area have been refined. The mesh in regions outside the cutting area has been set to be sparse to reduce computation time. The numerical workpiece model is made of 243,600 hex elements with element size of 0.2 mm in refined area, and the element type is C3D8RT. The workpiece size is 40 mm×40 mm×5 mm. The helical milled hole diameter is 10 mm and the milled hole depth is 5 mm. The cutter model has 105,798 elements and the element type is R3D4T. The helical milling cutter has four teeth, the helical angle is 35° and the rake angle is 5°. The whole simulation time is about 320 h when use Dell workstation with 32G of memory.
[Insert Figure 2 here]
Constitutive model
Johnson-Cook constitutive model [24] has been adopted for the milling process. Johnson-Cook constitutive model is one of the widely used models in high strain rate applications. The flow stress of materials is calculated
Where  is the equivalent plastic strain,  and 0  are the equivalent and reference plastic strain rates, T, Tm and T0 are the material's cutting zone, melting and room temperature, respectively. n is the strain hardening index and m is the thermal softening index. And A, B, and C represent the yield strength, strain, and strain rate sensitivities of the material, respectively. The detail constitutive material model parameters are shown in Table   2 .
[Insert Table 2 here]
Progressive damage behaviour of the workpiece materials is captured for each element, and the failure criterion developed by Johnson-Cook [25] has been used for the damage initiation. The damage initiation is derived from Eq. (2). When the damage parameter,ωD, reaches 1.0, the damage initiates.
In the equation above, the equivalent plastic strain at the onset of damage, pl D  , is calculated from Eq. (3), and values of corresponding parameters are listed in Table 3 .
Where d1~d5 are the failure parameters of Johnson-Cook damage model, p is the hydrostatic pressure, q is the Mises stress, 0  is the reference strain rate, and pl  is the strain at the time of failure.
[Insert Table 3 here]
In this study, parts of these constitutive material model parameters of Ti-6Al-4V (Tables 2 and 3 ) have been derived from the related equations provided, as well as from literature [26] .
The progressive damage evolution is assumed linear with the plastic displacement. The evolution of the damage is specified with the displacement criteria and the damage evolution operator, D, can be computed from equation (4).
The effective stress of an element after damage initiation can be computed from equation (5) . As the damage evolution operator reaches 1.0, it is assumed that the element is completely failed.
In the Eqs. (4) and (5), D is damage evolution criterion, Lc is the characteristic length of an element, 0 pl  is the equivalent plastic strain at the onset of damage, pl u is the plastic displacement, pl f u is the plastic displacement at failure.
The cutting tool was modeled as a rigid body. Mass and inertia of the 3D complex end-mill geometry have been considered in the analysis to model the equivalent kinematics of the process.
Contact model
Estimation of friction in a machining process is very complicated and has remained a challenge in research. It is widely accepted that the friction at the tool-workpiece interface can be represented by a relationship between the normal and frictional stress over the cutting edges of the tool. Helical milling not only involves end cutting, but also periphery cutting, hence the friction can occur at four interfaces: (a) the end cutting flank face edge-workpiece interface, (b) the end cutting rake face edge-chip interface, (c) the periphery cutting flank face edge-workpiece interface, and (d) the periphery cutting rake face edge-chip interface. In this study, because of the high cutting speed and larger size of element in cutting area, the continuous chip generated cannot be observed during the cutting process, but can be modeled instead. Therefore the friction between the chip and end-mill has been taken into account. Based on the Coulomb friction model in equation (6), it is assumed that the frictional stress on the cutter is proportional to the normal stress with a constant friction coefficient.
Where τn is the frictional stress; σn is the normal stress; μ is friction coefficient. In the present study, the interaction between the workpiece and the tool is modeled based on Lagrangian mechanics, using pressure-overclosure algorithm and surface-surface contact model which has been built in ABAQUS/Explicit.
Isbilir and Ghassemieh [26] have recommended a friction coefficient between 0.5~0.6 for drilling process of Ti-6Al-4V. Since the coolant is used in our process, a value of 0.5 is considered.
Boundary conditions and Loading
The bottom and two vertex surfaces of the workpiece are fixed in X, Y and Z directions (ux = uy = uz =0). The freedom of rotation in X and Y has been constrained for the end mill (Rx=Ry=0), so that the tool is only able to move and rotate along Z-axis and move across the X-Y plane. The movement of the end mill in the X-Y plane (X and Y directions), has been defined by Eq. (7).
Because of the vertical configuration of the machining system, coolant can be rarely used. All tests in this study were carried out with air-cooling. The temperature of helical mill head measured immediately after the cutting process stabilized in the range 160~200℃. Therefore we estimate that the reference test temperature (T0)
is approximately 180℃. Considering under such temperature no crystalline phase transformation would take place, a pure mechanical simulation was therefore considered with no inclusion of the heat transfer or thermal effect. We assumed temperature change has minimum impact with air coolant being used, hence the heat generation has not been considered in this study to minimize computational time.
Experimental set up
To verify the finite element model, helical milling trials were conducted using DMC-75V linear five-axis machine center with maximum spindle speed of 28,000 rpm and maximum feed rate of 9,000 mm/min. A Kistler three-direction stationary dynamometer (model 9225B) and a supporting Kistler charge amplifier (model 5070)
were used to collect the data of cutting force, and Matlab software was utilized for data analysis. The detailed helical milling experimental setup for Ti-6Al-4V is given in Fig. 3 . The target hole diameter was chosen to be 10 mm, which is commonly used in the aircraft industry.
[Insert Figure 3 here]
In order to control the tool wear and reduce computation time, relatively low values of cutting parameters have been deployed, as shown in Table 4 . To investigate the effects of cutting parameters on helical milling, finite element analyses have been performed with ten varying combinations of cutting speeds, orbital speeds and axial feeds. Each of the conditions was tested three times and mean values of the results are reported. For each test, new tool has been used and the effect of gradual tool wear has been neglected.
[Insert Table 4 here]
During milling, the dynamometer was charged and signals were collected by the amplifier and transferred to the Kistler Dynoware software. Measurements were done at a frequency of 1,000 Hz throughout the helical milling process. The data of cutting force was analyzed using the Matlab software.
Results and Discussion
Thermal conditions are not considered in the model due to the effective cooling (by cold compressive air) used during the helical milling hole process. Also Liu et al. [10] found that the cutting temperature in helical milling of Ti-6Al-4V alloy is always below 200℃ when the spindle speed in the range of 3,300~3,900 rpm and axial feed in the range of 0.1~0.2 mm/rev. In the helical milling process, three components of the resultant forces will be produced, as the cutting force in Y-axis is completely symmetrical to that of X-axis and has not been presented here, hence only the cutting force of X-axis (feed force) and cutting force of Z-axis (thrust force) are investigated in this work.
In order to validate the FE model, it is necessary to compare the simulation results against the experimental data. Fig. 4 shows the comparison of experimental and simulated results for (a) thrust force and (b) feed force under a typical test condition parameters (2,000 rpm spindle speed, 320 mm/min orbital speed and 0.15 mm/rev axial feed).
[Insert Figure 4 here] It was found from Fig. 4a that the average thrust force and feed force in the experimental trial was 179 N and 127 N respectively. Whereas those suggested by the FE modeling were 164 N and 109 N, respectively. Note the value of the feed force reported was the mean value of the maximum.
Greater deviation has been seen between experimental and simulation data during the initial and ending stage, therefore data analysis has been mainly focused on the intermediate (stabilized) cutting stage. Also, small deviation (<10%) has been found between average experimental and simulation results under the test conditions, which suggested that the developed model is able to predict the thrust force and feed force with a reasonable level of accuracy. Comparison between experimental and simulation results have also been performed for other process parameters and similar level of agreement have been observed, the details of which has been discussed in the following section.
The cutting force
The thrust force during helical milling of Ti-6Al-4V under different cutting conditions has been estimated by FE model and also was measured by helical milling experiments. The experimental and modeling data are shown in Tables 5 and 6 , respectively. The FE model estimated the thrust force with errors between 3~25% depending on the machining parameters. Seen from Tables 5 and 6 , it should be noted that not all the machining processes can be predicted accurately when only considering the components mechanical properties. The FE model generally underestimated the thrust forces, this is possibly caused by the assumption of constant reference test temperature (T0=180℃) which was reported in [10] . However the actual tool temperature cannot be a constant throughout the milling process. In addition, the dynamometers itself comes with a measurement error of about 5%. A more realistic friction model, tool wear and the rigid tool are all important factors which could contribute to the results of simulation.
[Insert Table 5 here]
[Insert Table 6 here]
From Tables 5 and 6 , it is also found that the thrust force is increased with the increasing orbital speed and axial feed, but decreased with increasing spindle speed. The thrust force measured is between 179 N and 285 N and ranged from 154 N to 257 N predicted by the FE model depending on the cutting parameters. And the maximum thrust force has also been produced under condition C3-4.
Effect of spindle speed
In helical milling, the variation of the spindle speed has significant effects on the cutting force in the cutting region. A drop in thrust force and feed force has been observed with the increase of spindle speed as shown in Fig. 5 , where the simulation and experimental results are in good agreement. The experiments followed the condition: orbital speed 320 mm/min, axial feed 0.2 mm/rev and a series of different spindle speeds (C1-1~C1-4).The increase in spindle speed from 1500 to 3000 rpm has caused a significant decrease of 55% (experimental) and 63% (simulation) in thrust force and a 16% (experimental) and 24% (simulation) decrease in feed force.
[Insert Figure 5 here]
Effect of orbital speed
The thrust force and the feed force are also greatly affected by the orbital speed in helical milling of Ti-6Al-4V. Fig. 6 , as the orbital speed increases from 200 to 320 mm/min, an increase of 18% (experimental) and 13% (simulation) has been found for the thrust force, and an increase of 23% (experimental) and 16% (simulation) for the feed force.
[Insert Figure 6 here] (measured value) and 56% (predicted value) have been found in thrust force, and 18% (measured value) and 48% (predicted value) increase for the feed force. See from Figs. 5-7, we can conclude that the main factors affecting the thrust force are the spindle speed and axial feed, and the main factor affecting feed force is the axial feed. Effect of orbital speed is less significant than the spindle speed or the axial feed. Similar trends of process parameters and thrust force have been reported for titanium alloys elsewhere [13] .
Effect of axial feed
[Insert Figure 7 here]
Workpiece stress distribution
The progressive damage and the stress distributions in helical milling hole process of Ti-6Al-4V under condition of spindle speed 2000 rpm, orbital speed 320 rpm, and axial feed 0.15 mm/rev (Case: C3-1) are shown in Fig. 8 .
As can be seen from the Fig. 8 , the stress is induced as the end-mill touches the workpiece material and damage develops gradually as the helical milling process progresses. When the damage variables reach their limit, elements are failed and removed from the model. The induced Mises stress in the drilling area of the titanium alloy workpiece was approximately 1 GPa. The stress in the workpiece gradually decreased as moving away from the helical milling zone and the stress around the borehole was approximately 300 MPa. This is in good agreement with the actual experimental value of 320 MPa (the experiments on the surface of the borehole machining residual stress is not the focus of this the paper, hence details will not be presented here). It was found from the experiment and simulation that the cutting force of the helical milling was smaller than that of other traditional drilling processes. This also infers a smaller stress for the helical cutting process, so the end-mill may experience less serious wear. This may also indicate a better surface quality of the borehole and smaller deformation around the borehole.
[Insert Figure 8 here]
Chip formation
No continuous chip formation has been observed in Fig. 8 . The fact that the process of helical milling process is intermittent is one of the main reasons why the thrust force of helical milling is smaller than that of drilling. So it is reasonable not to see continuous chip forming during the helical milling process. The intermittent chip has been observed in the Fig. 9a from the result of FE simulation (Test conditions: spindle speed 2000 rpm, orbital speed 320 rpm, axial feed 0.15 mm/rev). This is true as no continuous chip can be generated when the cutting speed is equal or greater than 60 m/min (equivalent to 3300 rpm) [19, 27] . When the spindle speed and orbital speed were reduced deliberately (Test conditions: spindle speed 20 rpm, orbital speed 10 rpm, axial feed 0.2 mm/rev), continuous chip formation can be observed, as is shown in Fig. 9b . The modeling result has confirmed that the Johnson-Cook model can be applied to the helical milling process.
[Insert Figure 9 here]
Conclusions
In this paper, helical milling of titanium alloy is studied. A 3D finite element model based on a mechanical
Lagrangian formulation is used to simulate the helical milling process of Ti-6Al-4V.
Johnson-Cook constitutive material model is implemented and the study showed that this model may be applied for helical milling simulation under conditions where intermittent chip is generated.
The effects of cutting parameters, such as spindle speed, orbital speed and axial feed, on forces are investigated by the proposed FE model. Results show that cutting parameters have significant influence on the thrust force. The predictions of thrust force using the FE model closely match the experimentally measured values, confirming the accuracy of the developed model. Results clearly show that the induced thrust force increases with increasing axial feed and decreases with the spindle speed. The spindle speed and axial feed have greater influence on the thrust force and the feed force than the orbital speed. The model has also shown that incorporation of a mechanical model is feasible to predict the helical milling process. 
